Study design: This was a prospective cohort observational study. Objective: To determine the effect of dehydration and rehydration on spinal cord cross-sectional area (CSA) measurement on magnetic resonance imaging (MRI). Setting: MRI Research Centre, University of British Columbia, Canada. Methods: Ten healthy subjects (aged 21-32 years) were scanned on a 3T MRI scanner at four time points: (1) baseline, (2) rescan after 1 h, (3) the next day after fasting for a minimum of 14 h and (4) after rehydration with 1.5 l of water over the course of 1 h. Two independent, established semi-automatic CSA measurement techniques (one based on two-dimensional (2D) edge detection, the other on three-dimensional (3D) surface fitting) were applied to a 3D T1-weighted scan of each subject at each time point, with the operator blinded to scan order. The percentage change in CSA from baseline to each subsequent time point was calculated. One-tailed paired t-tests were used to assess the significance of the changes from baseline. Results: A decrease in CSA following dehydration was detected by both measurement methods, with a mean change of À0.654% 
INTRODUCTION
Magnetic resonance imaging (MRI) is commonly used to measure spinal cord atrophy in studies of neurodegenerative diseases such as multiple sclerosis (MS). 1, 2 Atrophy of the spinal cord, in particular the cervical cord, 3 is believed to contribute to physical disability in MS. 2, 4 Significant correlations between the cross-sectional area (CSA) of the cord and physical disability in MS patients have been found in previous cross-sectional and longitudinal studies. [5] [6] [7] However, there have been contradictory findings in patients with the relapsing remitting form of MS (RRMS), which typically precedes a more progressive form. A number of studies have found that cord CSA is not reduced in RRMS patients 8, 9 and could be used to distinguish progressive MS from RRMS patients, 8 whereas others have shown that cord atrophy is detectable in RRMS patients. 10 The inconsistent findings of cord involvement in RRMS may be because of many reasons. The average CSA of a normal adult cervical cord is B80 mm 2 . Most current MRI studies of the cord use a spatial resolution of B1 mm 2 in each plane, which is B1% of the cord CSA. As atrophy is a slow process, with an annual atrophy rate of about À1.6% observed in secondary progressive MS patients, 11 a resolution of 1 mm 2 can be considered coarse, and a high methodological sensitivity is essential to accurately estimate the true rate of change on current MRI data. A number of reproducible image analysis methods of measuring CSA are now in use; [12] [13] [14] however, other factors may still confound CSA measurement.
The conventional assumption is that cord volume does not have transient variation, which needs to be reconsidered in light of evidence that brain volume has been shown to be affected by normal physiological variations and inflammatory processes. 15, 16 In particular, hydration status can affect brain morphology as observed on MRI in previous studies. [16] [17] [18] [19] [20] Duning et al. 16 reported that a cohort of 20 healthy volunteers showed a significant decrease in brain volume of 0.55% (s.d. ¼ 0.69) after dehydration by restricted fluid intake for 16 h and an increase of 0.72% (s.d. ¼ 0.21) after rapid rehydration. Kempton et al. 18 observed a significant increase in ventricular volume following dehydration via a thermal exercise protocol in two studies of seven 18 and ten 19 healthy subjects. The change in hydration status can potentially also affect the size of the spinal cord which, similar to the brain, also has high water content.
Considering the small magnitude of cord atrophy in diseases such as MS, the question of whether cord CSA measurement is susceptible to dehydration requires examination. The goal of this study is to estimate how much variation in CSA can be expected due to dehydration to the degree that would not be considered unusual in daily functioning.
MATERIALS AND METHODS

Subjects and MRI protocol
The subjects recruited for this study comprised 10 volunteers, aged 21-32 years, with no symptoms of neurological disorders or spine problems. The subjects gave informed consent in accordance with institutional regulations. Images were acquired using a Philips Achieva 3T MRI scanner (Philips Medical Systems, Best, The Netherlands) with a dedicated cervical spine receiver coil. The sequence is a sagittal 3D T1-weighted turbo field echo sequence with parameters TR ¼ 8.2 ms, TE ¼ 3.8 ms, flip angle ¼ 81, pixel spacing ¼ 0.976 mm Â 0.976 mm, slice thickness ¼ 1 mm and dimensions ¼ 256 Â 256 Â 60 pixels.
Dehydration and rehydration protocol
We employed a similar dehydration and rehydration protocol to that used by Duning et al. 16 who studied the effect on whole-brain volume. For each subject, MR scans were obtained at four time points over 2 days: (1) baseline, (2) rescan after 1 h to measure reproducibility, (3) the next morning, after fasting (solid and liquid) for at least 14 h and (4) after drinking 1.5 l of water over the course of 1 h. The subjects were asked not to exercise strenuously during the 2 days of their participation in the study.
MRI analysis
The cord CSA in each scan was measured using two established semiautomatic methods. Two methods were used to cross-validate each other and to estimate the variability because of the choice of measurement method. One is our implementation of the technique by Tench et al. 13 The other is a method by Horsfield et al., 14 which is available as part of the Jim software package (Version 6.0, Xinapse System, Kettering, UK; www.xinapse.com). The scans obtained at all four time points were anonymized and randomized, and image analysis was carried out in a blinded manner.
Tench Method (2D edge detection)
In the approach by Tench et al., 13 the user interacts with the software by identifying an anatomical landmark on the spine in a sagittal view, and then segmenting a number of consecutive axial slices while being guided by an edge map that is produced by an edge detector on each 2D slice, as shown in Figure 1b ). The operator places a seed point inside the cord on each slice and initiates a region-growing process, which is bounded by the contour as shown in Figure 1c ). In the present study, we used a single sagittal landmark on the most inferior and posterior point of the C2/C3 intervertebral disc, and the eight slices superior to the landmark were used to compute an average CSA.
For each segmented axial slice, all of the pixels strictly inside the cord have an area value equal to the pixel size (1 mm Â 0.976 mm ¼ 0.976 mm 2 ), whereas each boundary pixel is assigned a value that is a fraction of the pixel size, modeled as partial volume between the cord and surrounding cerebrospinal fluid (CSF). The partial volume fraction f is calculated using the equation
, where i edge is the intensity of the boundary pixel, and i CSF and i cord are the intensities of the CSF and cord sampled on either side of the boundary pixel.
The CSA for each slice is calculated by summing the contributions from the interior and boundary pixels. A correction factor, calculated as the cosine of the angle between the medial axis of the cord and the axis perpendicular to the axial plane, is then applied to the CSA value to compensate for the fact that the cord is rarely perfectly perpendicular to the axial image plane.
Horsfield method (3D surface fitting)
In the method by Horsfield et al., 14 the operator first performs angle correction by rotating the volume so that its edges are parallel to the cord in the region of interest (C1BC2 in the current study). Then the operator places landmarks at the center of the cord on the most superior and inferior axial slices of the C1BC2 region, and on every 10th slice in-between. The software then uses these landmarks to automatically initialize a 3D surface and segment the spinal cord by fitting the surface to the image. There are three key parameters in the algorithm related to cord size and shape ('nominal cord diameter' , 'number of shape coefficients' and 'order of longitudinal variation'), which can be used to influence the fitting process. We used the default values in our analysis because the study is of healthy subjects and the segmentations appeared to be visually accurate.
The total cervical cord volume was calculated by the software as an integral on the final fitted surface model. The average cervical cord CSA was then derived as the total volume divided by the length of the segmented region.
Statistical analysis
The percentage changes in CSA from baseline to the other three time points were calculated for each patient, and the mean change of the group was used to determine the effect of scan-rescan, dehydration and rehydration. The statistical significance of the group changes was assessed using paired onetailed t-tests, with Po0.05 as the threshold.
Statement of ethics
We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research.
RESULTS
Measured using the Tench method, the cervical cord CSAs of the 10 subjects at baseline were within the range of 69.13-92.12 mm 2 . The scan-rescan coefficient of variation (COV) was 0.617%. With dehydration, we observed a mean decrease of À0.654% (s.d. ¼ 0.778, P ¼ 0.013) in cord CSA as shown in Figure 2 and Table 1 . After the rehydration procedure, the mean cord CSA was not significantly different from baseline (mean change ¼ 0.121%, s.d. ¼ 1.318). Measured using the Horsfield method, the cervical cord CSAs at baseline were within the range of 72.48-91.28 mm 2 , and the scan-rescan COV was 0.899%. We observed a mean decrease in CSA of À0.650% (s.d. ¼ 1.071, P ¼ 0.044) after dehydration compared with baseline, as shown in Figure 3 and Table 1 . After rehydration, the mean CSA measurement was increased by 0.715% (s.d. ¼ 0.939, P ¼ 0.019) compared with the dehydrated state but was not significantly different from baseline (mean change ¼ 0.057%, s.d. ¼ 1.129).
DISCUSSION
We investigated the effect of mild to moderate dehydration and rehydration on CSA measurements of the cervical spinal cord in healthy subjects. We have observed a decrease in cervical cord CSA after solid and liquid fasting for an overnight period that would not be considered unusual in routine research or clinical settings involving MRI.
We used two independent CSA measurement methods, each having been demonstrated to be effective in previous clinical studies, in our analysis to account for any bias introduced by either method. The two methods agreed well on the mean change in cervical cord CSA observed after dehydration ( À0.654% for the Tench method and À0.650% for the Horsfield method), which is similar to the change of À0.55% observed by Duning et al. 16 in their study on dehydration effect on whole-brain volume. In addition, the two methods agreed well on the mean change between the dehydrated and rehydrated states (0.782% for the Tench method and 0.715% for the Horsfield method), which is similar to the 0.72% increase in whole-brain volume that Duning et al. 16 found. The brain and spinal cord are directly connected and have similar mechanisms for their regulation of water balance; 21, 22 therefore, it is reasonable to speculate that the current results reflect the cord exhibiting an incomplete compensation to fluid deficiency, similar to what has been observed in the brain. Overall, our results lend further evidence that hydration status can affect volumetric measures of the central nervous system on MRI.
However, there are a number of limitations in our study, including the small size of the cord, the reproducibility of the measurement methods and the small sample size. To understand these limitations, it is helpful to examine the precision when using each measurement method. Horsfield et al. 14 estimated the minimum area change detectable by their method using the following equation: minimum detectable change ¼ group mean Â intra-scan COV Â 1.96 ¼ 0.87 mm 2 for their study. Alternatively, the detectable percentage change can be estimated by multiplying the intra-scan COV by 1.96 to obtain the change that can be detected with 95% confidence interval, which yields 1.16% and 0.27% for the Horsfield and Tench methods, respectively, using values from their published studies. As the intra-scan COV is image-and operator-dependent, we also estimated the precision of the two methods with our current data, which resulted in detectable percentage changes of 1.08 and 0.09% for the Horsfield and Tench methods, respectively. Our estimated change because of dehydration was 0.65% for both methods, which meets the 95% confidence threshold of the Tench method but is below that of the Horsfield method, which favors the former method but does not preclude the possibility of the latter method detecting a systematic change. Given that the two methods agree well on both the effects of dehydration and rehydration, and that at least one is confirmed to have the necessary sensitivity on these s c a n − r e s c a n One-tailed Abbreviation: CSA, cross-sectional area. For both measurement methods, a reduction in cord CSA is observed after dehydration, with a return to the baseline equivalent after rehydration, as shown in the bold entities (Po0.05).
s c a n − r e s c a n Dehydration effect on spinal cord area C Wang et al data, we conclude that the change observed was likely real. It should be noted that because the Tench method was our own implementation, the operator was very familiar with the software, which may explain the better reproducibility; however otherwise, these results do not indicate that either method is superior. Another limitation is that no brain scans (due to limited scanning time) were collected and a firm conclusion cannot be made about whether similar magnitudes of change can be expected in both structures. In addition, whereas the Duning study 16 found that the mean brain volume increased beyond baseline after rehydration, the mean cord volume in our study was significantly increased only when compared with the dehydrated state, and not to baseline. A related confounding factor is the effect of brain volume changes on cord position. The cord could in theory be shifted rostrally because of the shrinkage of the brain after dehydration and because the cord does not have fixed landmarks (one could conceivably use the peripheral nerves, but they are very small and quite far apart), it would be very difficult to ensure that exactly the same level of cord is being measured. However, given that the dehydration effect on brain volume is likely to be o1%, the cord shift is likely to be correspondingly small and, in the absence of local injury, the cord's diameter varies smoothly over its length; therefore, we expect the effect of cord shift to be minor.
Whereas there is increasing evidence that hydration status is a confounding factor in the volumetric analysis of MRIs, there is little information on how to correct for such fluctuations and whether this is even possible. Traditional methods for monitoring hydration status, such as urinalysis, are unlikely to be reliable because of the complex nature of the body's mechanisms for water balance, which involves multiple systems whose health can change over time, even in normal aging. Nonetheless, studies of the hydration effect on brain and cord measures are valuable for improving the understanding of study results that may be affected by changes in water content. The results of our current study have particular implications for studies of spinal cord disorders that involve an inflammatory response. For example, previous cross-sectional studies have shown that cord volume in MS patients can be increased (with varying levels of statistical significance) when compared with healthy controls, especially in early MS. 3, 9 These findings are somewhat unintuitive for a neurodegenerative disease but are hypothesized to reflect the presence of inflammation and associated edema, which can induce a temporary increase in cord volume. Our current results help to bolster that hypothesis by demonstrating that measurable volume changes are associated with fluctuations in water content. In a longitudinal study of MS patients who had a spinal cord-related relapse, 23 the patients showed a decline in cervical spinal cord area of B0.7% monthly during the follow-up period of 6 months, even though they were improving clinically, which may be attributable to a resolution of inflammation and edema. Our current results show that changes of that magnitude can occur in a short period of time, and that frequent cord scanning after an acute episode can be a potentially useful method for monitoring edema. This is especially true, given that certain MS therapies, such as natalizumzab, have been shown in human subjects to have a pseudoatrophy effect on the brain 24, 25 and in preclinical studies to have a strong anti-inflammatory effect on the cord. 26 Inflammation is also an important feature of pathology and repair for traumatic spinal cord injury 27 but typically in a shorter time frame than in neurodegenerative diseases. Repeated MRIs initiated soon after the onset of trauma to measure cord volume, which may increase or decrease, may allow improved monitoring of the inflammatory and recovery processes. 28 This may be especially important for evaluating the effectiveness of anti-inflammatory therapy, the timing of which can be an influential factor to the clinical outcome. 26 Chronic spinal cord injury also leads to irreversible atrophy rostral to the lesion over time. 29 The importance of structural MRI for understanding these changes is becoming increasingly recognized; 28 however, the results of our current study are likely more applicable to the acute phase.
In conclusion, we have demonstrated that hydration status affects spinal cord CSA measurements on MRI and should be considered as a source of variability in clinical studies of spinal cord atrophy. Our results also support the use of frequent MRI scanning to monitor conditions that may involve changes in water content, such as the inflammation and edema associated with acute spinal cord injury.
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